Introduction
The study of organic compounds in drinking water continues to be of intense interest. Extensive work in this area of drinking water research started with the disclosure of the results of a 1974 study of New Orleans drinking water where source water contaminants were still found in treated drinking water (1) . At about the same time, a different problem was described in two papers: trihalomethanes (chloroform, bromodichloromethane, dibromochloromethane and bromoform) were found in finished drinking waters, but were not present at detectable concentrations in the source water (2, 3) . Indications were that the trihalomethanes were not typically source water contaminants but were formed during the chlorination/disinfection part of the treatment process.
Because of concern as to the significance of formation of chlorinated organic compounds during the water treatment process, the United States Environmental Protection Agency (USEPA) included the measurement of these four trihalomethanes in its National Organics Reconnaissance Survey (NORS) of drinking water from 80 selected cities (4 that study, the occurrence of trihalomethanes in finished drinking water was demonstrated to be widespread and a direct result of the chlorination practice. A multitude of other studies has since confinned these results. Furthermore, natural humic material was demonstrated to be precursor to trihalomethane formation and is present in virtually all source waters, indicating the ubiquity of the problem wherever chlorination is practiced (5, 6) .
Because of findings concerning the carcinogenicity of chloroform and the confirmation of the ubiquity of chloroform and other trihalomethanes in chlorinated drinking water, the USEPA has promulgated a regulation specifying a maximum contaminant level (MCL) of0.10 mg/l. oftotal trihalomethanes (arithmetic sum of weight concentrations of CHC13, CHBrCl2, CHBr2Cl and CHBr3) (7) . Utilities must use available knowledge and technology to adjust or change treatment processes to reduce higher concentrations to below the MCL.
Three treatment approaches that can be considered for preventing trihalomethanes from reaching the consumer (8) are: (a) remove precursor (humic material) before chlorination, (b) remove trihalomethanes after they are formed, and (c) change disinfectant. This paper concerns the third option only, specifically the use of chlorine dioxide as the alternate disinfectant and focusing on the possible influence of this treatment on the chemical contaminants in the finished water. Early results of work by Miltner (9) to monitor the time dependence of trihalomethane production after chlorine dioxide, chlorine, and chlorine dioxide with chlorine were separately applied to USEPA pilot plant settled water are shown in Figure 1 . The upper curve represents the action of chlorine alone; the curve coincident with the abscissa represents the application of chlorine dioxide alone; and the curve between these two represents the action of chlorine to form trihalomethanes in the presence of chlorine dioxide. His results demonstrated two important points: (a) chlorine dioxide did not cause the formation of trihalomethanes at a near neutral treatment pH, although this formation has been reported in one instance to occur at pH 12 (10) , and (b) chlorine dioxide plus excess chlorine (as is often the case in water treatment) caused formation of lower concentrations of trihalomethanes than the same amount of chlorine alone. Further, other in-house studies, as well as those reported by Roberts et al. (11) , indicate a yet unexplained decrease in the trihalomethane yield as the ratio of applied C102/C12 increases. Therefore, with consideration only to minimizing trihalomethane formation, chlorine dioxide is a viable alternative to chlorine as a disinfectant in water treatment.
Chlorine dioxide has been widely used in Europe as an alternative to chlorine for drinking water disinfection for some time (12) . Although these operations are considered successful with regard to disinfection, control of trihalomethanes through the use of chlorine dioxide has not been well documented in most places. the formation of organic by-products, a detailed investigation and identification of the products formed during disinfection with both chlorine and chlorine dioxide is necessary. The purpose of this paper is to consider briefly the possible organic by-products arising from the use of chlorine dioxide as a disinfectant in drinking water treatment, review available data demonstrating the presence of organic by-products, and briefly discuss the formation of inorganic end products unique to the use of chlorine dioxide. The paper is also intended to be an update of the state of knowledge presented earlier elsewhere (20) . Presenting the reactions of chlorine dioxide in perspective with the reactions of chlorine when both are applied under the same circumstances is informative.
Organic Reactions of Chlorine Dioxide
Although the literature describing the organic reactions of chlorine dioxide is brief, numerous products of oxidation and chlorination by chlorine dioxide are described. However, the majority of this literature describes chlorinated and nonchlorinated derivatives, including acids, epoxides, quinones, aldehydes, disulfides, and sulfonic acids, that are products of reactions carried out under conditions vastly different from those experienced at water treatment plants. This paper discusses only a few reaction types that are known or suspected to be important in water treatment practice on the basis of some experimental evidence. A more complete review of chlorine dioxide chemistry is available elsewhere (17, 18) . The possible reactions with saturated aliphatic hydrocarbons, olefins, amines, and aromatic compounds (especially phenols) are in the group of likely reactions in dilute aqueous solution. In all examples presented for chlorine dioxide reactions, the authors claimed that the applied chlorine dioxide was free of chlorine or hypochlorite when applied.
Reactions with Saturated Aliphatic Hydrocarbons
No evidence exists that either chlorine dioxide or chlorine undergoes reactions with saturated aliphatic hydrocarbons under water treatment conditions. The question of whether or not free chlorine reacts with saturated aliphatic hydrocarbons in aqueous systems to form chlorinated derivatives frequently arises because of the presence of methane in many groundwaters, and the root name "methane" in "trihalomethane" implies to some that such reactions take place. Such reactions of free halogen with 103 aliphatic hydrocarbons require a free radical mechanism, however, and are improbable in aqueous systems where chlorinated derivatives are formed. The trihalomethane formation can be more readily explained by the classical haloform reaction with methyl ketones. However, the classical haloforn reaction is not the complete explanation because certain phenol derivatives, notably resorcinol, do react quite readily with aqueous chlorine to produce chloroform. The relationship of these reactions to those of humic materials with chlorine has been under intense investigation (21) and has been reported in part by Johnson (22) . Reactions of humic materials with chlorine dioxide are discussed in more detail below.
Reactions with Alkenes
Chlorine can react with alkenes by addition across the double bond to produce saturated dichloro derivatives. A more likely course in aqueous systems, however, is to produce chlorohydrins by reaction with hypochlorous acid (23) .
The reactions of chlorine dioxide with alkenes are apparently very complex and produce a host of chlorinated and nonchlorinated products. Methyl oleate is reported to react at the double bond site to produce aldehydes, the epoxide, chlorohydrin, a dichloro derivative, and a-chloro and a-unsaturated ketones. The aldehyde formation seems to be subject to argument: Leopold and Mutton (24) reported aldehyde formation by chlorine dioxide cleavage of the double bond in triolein (the triglyceride of oleic acid), and Lindgren and Svahn (25) did not find aldehydes after chlorine dioxide reaction with methyl oleate.
Cyclohexene in aqueous mixture with pure chlorine dioxide has been shown by Lindgren and Svahn (26) to produce a similar complex mixture: adipic acid, cyclohexene-3-one, 3-chlorocylohexene, 1,2-epoxycyclohexane, trans-2-chlorocyclohexanol, 2-chlorocyclohexanone and trans-1,2-dichlorocyclohexane. Note that at least the last three of these products are the same as would be expected from reaction of cyclohexene with chlorine.
Reactions with Amines
Aqueous chlorine and chlorine dioxide react very differently with amines. Chlorine reacts with ammonia and primary and secondary amines to produce the well-recognized chloramines by replacement of hydrogen. Tertiary amines are a special case; their reaction with chlorine produces a chloramine and an aldehyde (23) . Chlorine dioxide, however, does not react with ammonia and reacts only slowly with primary amines. In general, amines produce the respective aldehydes upon reaction with chlorine dioxide in the following order of reactivity: tertiary > secondary >primary. Chlorine dioxide does not react with ammonia to form chloramines.
Reactions with Aromatic Compounds
The best known reactions of aqueous chlorine with aromatic compounds in the water treatment field are those that occur with phenols. Chlorine reacts rapidly with phenol to form 2-or 4-mono-; 2,4-and 2,6-di-, and 2,4,6-trichloro derivatives (23, 27) . These compounds are highly odorous and are slowly decomposed by excess chlorine. Other phenolics and substituted aromatics can also be chlorinated. The formation of odorous chlorophenols by chlorine treatment is one of the chief reasons that chlorine dioxide has been used as an alternative in drinking water disinfection applications (19) .
Chlorine dioxide as usually used in drinking water treatment does not seem to cause formation of odorous compounds with phenol but, through a complex mechanism, forms quinones and chloroquinones, and when in excess, oxalic and maleic acids (18) . As with alkenes, chlorine substitution in the products, however, is not entirely absent. Chlorine dioxide treatment of phenols can cause chlorine substitution or ring cleavage or both, depending on the particular phenol reacted and the conditions of the reaction. The chlorinated products formed by phenol reaction with chlorine dioxide will generally be of different structure and are either less odorous or are formed in much lower yield than those formed by phenol reaction with chlorine. In other reactions, chlorine dioxide reacts at pH 4 with vanillin to give the nonchlorinated ,-formylmuconic acid monomethyl ester. Vanillyl alcohol reacts at low pH to produce both a chlorinated quinone and a nonchlorinated product of ring cleavage. Veratryl alcohol produces 4,5-dichloroveratrole. This is one of the products expected from chlorination of veratryl alcohol (18 In general, monohydric phenols reacting with chlorine dioxide undergo chlorination along with oxidation, and those of the first group form the chloroquinones as well as chlorophenols. Glabisz considers this to be somewhat similar to the reaction of chlorine with these phenols. Although chlorine dioxide tends to favor oxidation over chlorination, the relative amounts of chlorinated versus oxidized products depend on the relative amounts of both chlorine dioxide used and phenols present. Excess chlorine dioxide favors oxidation.
Measured Individual Organic Compounds: EPA Studies
Because of the potential for undesirable byproduct formation resulting from chlorine dioxide disinfection of drinking water, an in-house investigation was begun at the USEPA Cincinnati laboratory to determine if by-products of the type predicted by the literature (where reactions described were carried out at generally higher concentrations of chlorine dioxide and substrate) would prevail under drinking water disinfection conditions. This work was carried out in two phases: a search of gas chromatographic data for differences in purgeable compounds found in chlorine dioxide-treated and untreated waters, and development and use of a more elaborate analytical scheme, including evaporation under vacuum and derivatization, to detect products of a more diverse nature, specifically those expected from reactions of phenolic compounds.
Results of this work tend to support some of the general conclusions resulting from extrapolation of information in the literature given above.
Phase I-Aklehydes. Two classes of compounds (amines and alkenes) were discussed earlier that could yield aldehydes as end products of chlorine dioxide oxidation under the proper reaction conditions. Although these aldehydes could react with chlorite (also present) at low pH to produce acids, these reactions should be slow at water treatment pH values.
These observations suggest that if certain organic substrates are present in a source water, chlorine dioxide treatment should cause an increase in the concentrations of the respective aldehydes. Preliminary results of some of our in-house work indicate that this may be occurring. Care must be taken, however, in interpreting the quantitative aspects of these data. These data were extracted from some early screening studies with chlorine dioxide in which gross treatment changes were sought.
The methods used in this phase are weli docu-mented elsewhere and will not be described in detail here. Briefly, the stock solutions of chlorine dioxide were prepared by oxidation of sodium chlorite; chlorine solutions from the pure gas, and standardization of both oxidants were by procedures selected in previous studies by Miltner (9, 29) . GCIMS analysis of reaction mixtures was by the purge-andtrap method exactly as described by Coleman (30). Coleman's method limited expected product identifications in this phase to only the most volatile species.
In the first part of the phase 1 study, two gas chromatograph/mass spectrometer (GC/MS) total ion current profiles (TICP) (Fig. 3) were obtained to indicate compounds purged from samples of Ohio River water. One sample had been treated with chlorine dioxide, and the other was untreated. Some compounds appear to be higher in concentration in the treated sample than in the untreated sample, and some new compounds appear in the treated sample. Many of these were identified as aldehydes by their respective mass spectra. Because the chlorinated compounds are present in such large concentrations compared to the aldehydes, apparent changes in aldehyde concentrations can be observed more clearly after additional data manipulation. A fragment ion common to the mass spectra of low molecular weight aldehydes, but not present in the mass spectra of the chlorinated compounds, was selected. The extracted ion current profile (EICP)   TOTAL ION CURRENT  RECONSTRUCTED GAS CHROMATOGRAM   UNTREATED   C102 TREATED----105 for this ion, mle 29, was then plotted (Fig. 4) for both treated and untreated river water, and the peaks corresponding to some aldehydes are labeled.
In computerized output GC/MS data, the largest peak in the proffle is 100% of full scale, and other peaks are nornalized to it. In these EICPs (Fig. 4) , peak heights of diethyl ether (which also has an mie 29 fragment) were adjusted to be equivalent, because diethyl ether was assumed not to change in concentration with treatment. The halogenated compounds are not represented in these plots, and the comparatively higher aldehyde peaks in the treated sample are clearly evident.
A similar set of chromatograms was obtained for an untreated source water (Ohio River) and a corresponding chlorinated tap water. The increase in chloroform concentration is obvious from the TICP (Fig. 5) . The mle 29 EICP does not show the obvious differences in aldehyde concentrations caused by chlorine dioxide treatment (Fig. 6 ). Although these samples are not necessarily derived from source water identical to that used in the C102 treatment experiment (above), the results of the chlorination work are typical of those obtained in many replicate chlorination experiments performed over time using Ohio River water as a source.
As mentioned above, caution must be employed before generalizing from these screening studies. If aldehyde formation is considered important, considerably more analytical work is required to obtain FIGURE 3. Volatile organic compounds in untreated and chlorine dioxide treated Ohio River water detected by GC/MS, total ion current profile. a good quantitative estimation of these compounds and to adequately assess the magnitude and generality of the observed changes. Phase 2-By-products from Phenol. Phenol was selected as the model compound for the beginning of the second phase primarily because of the supposed polyphenolic nature of humic materials, which are trihalomethane precursors that make up A. A. STEVENS a large fraction of the organic material present in natural waters where trihalomethane formation is a problem (31) .
Oxidant solutions were prepared for the second phase work in the same manner as for phase 1. After treatment of the phenol solutions, remaining oxidant residuals were chemically reduced with sodium sulfite. Concentrated ethyl ether extracts were chromatographed after treatment with diazomethane. Routine monitoring of reaction mixtures and quantitation of products was by flame ionization detection. Confirmation of identification was by GC/MS analysis of the same extracts. Spectral interpretation and GC retention times were all confirmed by comparison with authentic standards on the same instruments.
In one experiment, phenol was exposed to varying molar ratios of chlorine dioxide. The data (Table  1) show that chlorophenols were produced at low molar ratios (4/5) of chlorine dioxide to phenol. Higher ratios (14/5 and 14/1) did not produce chlorophenols but favored hydroquinone formation. This product distribution with varying oxidant/substrate ratio was expected to some extent based on the literature (20, 28, 32, 33) . Although odorous chlorophenolic materials can be avoided in drinking water through the use of chlorine dioxide (18) , the data suggest that this may not occur if insufficient chlorine dioxide is used. Other expected organic byproducts such as oxalic and maleic acids, and 2, 6-and 2,5-dichloro-p-benzoquinone, discussed earlier, were not immediately identifiable, although total organic carbon concentration data indicated that the phenol was not completely converted to carbon dioxide. To date, no compounds found in the phase 2 experiment nor similar compounds in this category that were not present in the untreated sample have been identified in chlorine dioxide-treated natural waters. Detection limits (calculated as phenol) were estimated to be in the range of 5 to 10 ,ug/l.
Extensive studies of humic and fulvic acid solutions are currently underway at the University of North Carolina where chlorine dioxide demand and chlorine dioxide degradation experiments are being carried out on aquatic humic materials. Reactions of chlorine dioxide with fulvic acids are apparently slower (or have lower long term oxidant demand) than those of chlorine, and degradation experiments with chlorine dioxide must be carried out initially under conditions designed to "force" the reactions (34) .
Organic Halogen
Finding individual identifiable species from the chlorine dioxide treatment was not necessarily expected in this work because of the polymeric organic halogen (OX) on these high molecular weight nonvolatile materials (35) (36) (37) . Experimental procedures performed prior to the OX analysis were essentially those referenced or described above. Humic acid solutions were prepared and buffered in the manner described by Stevens et al. (5, 38) . To investigate the possible formation of these higher molecular weight chlorinated species that could not be identified by gas chromatographic techniques, chlorine dioxide was added to humic acid at two different chlorine dioxide to carbon (C102/C) ratios.
To compare yields of substituted organic halogen, two reaction ratios with corresponding electron equivalents to chlorine were included in the experiment. That is, the molar ratios 1/15 and 1/3 selected for C102/C correspond to the molar ratios 1/3 and 5/3, respectively, selected for chlorine ( Table 2) . The basis for this correspondence is that chlorine dioxide reducing to chloride requires five electrons per chlorine atom, whereas chlorine reducing to chloride requires only one electron per chlorine atom. These ratios were selected even though some portions ofthe chlorine dioxide are typically reduced only to chlorite. According to the chlorination data (Table 2) , with a 1-hr reaction time, the organic halogen yield is much higher than the chloroform yield and increases with chlorine dose, the chloroform concentration remaining essentially constant. Chlorine dioxide produced some (but less) organic halogen and, as expected, an insignificant concentration of chloroform. The trend toward less halogen substitution at the higher C102/C ratio, observed with phenol, was not observed here; this experiment is not definitive, however, because a longer reaction time was allowed at the higher chlorine dose.
Factors influencing organic halogen yields from all disinfectants are currently under careful investigation in the USEPA Cincinnati laboratory. Partial results of these studies at two oxidant doses and 5 mg/l. sodium humate solution are shown in Tables 3 and 4. From Table 3 Table 4 at the 20 mg/l. chlorine dioxide dose level. Somewhat higher organic halogen yields were observed at the higher chlorine dioxide dose.
In general, the organic halogen by-products of chlorine dioxide treatment were "instantaneously" formed at less than 7% of the maximum formed under similar conditions by chlorine. Concentrations of organic halogen from the chlorine dioxide reaction did not increase with time (up to 160 hr) beyond the initial sampling at 2 hr. This rapid formation of maximum organic halogen concentrations may correspond to the rapid initial oxidant demand reported by Colclough (34) also observed in these studies; this is in contrast to chlorine reactions, wherein a steady increase in organic halogen concentrations over a period of days is observed (39) . In all cases, oxidant residual persisted for the duration of the experiment.
Inorganic By-Products
As noted above, when chlorine dioxide reacts with organic compounds to oxidize them, the byproduct chlorite (C102-) is formed. Furthermore, as chlorine dioxide disproportionates in water, both chlorite and chlorate (C1031 are formed as byproducts. The relative proportion of these byproducts was determined during a study reported elsewhere by Miltner (29) , in which 1.5 mg/l. of chlorine dioxide was added to Ohio River water that had been treated in a pilot plant. The data in Table 5 show that approximately 50% of the original chlorine dioxide was converted to chlorite, about 25% to chlorate, and approximately 25% to chloride. Thus, when chlorine dioxide is used as an alternative disinfectant, the health significance of inorganic anions other than chloride (the sole major inorganic by-product of chlorine treatment) must be considered. These inorganic by-products are unique to chlorine dioxide.
Summary
Inspection of the available literature reveals that a detailed investigation of the aqueous organic chemistry of chlorine dioxide and systematic identification of products formed during water disinfection has not been considered. This must be done before an informed assessment can be made of the relative safety of using chlorine dioxide as a disinfectant alternative to chlorine.
Although trihalomethanes are generally not formed by the action of chlorine dioxide, the products of chlorine dioxide treatment of organic materials are oxidized species, some of which also contain chlorine. The relative amounts of species types may depend on the amount of chlorine dioxide residual maintained and the concentration and nature of the organic material present in the source water. The trend toward lower concentrations of chlorinated by-products with increasing C102 concentration, which was observed with phenols, has not been observed with natural humic materials as measured by the organic halogen parameter. Organic halogen concentrations have been shown to increase with increasing chlorine dioxide dose, but are much lower than those observed when chlorine is applied.
Aldehydes have been detected as apparent byproducts of chlorine dioxide oxidation reactions in a surface water that is a drinking water source. Some other nonchlorinated products of chlorine dioxide treatment may be quinones and epoxides. The extent of formation of these moieties within the macromolecular humic structure is also still unknown.
